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Design and construction of a magnetic resonance compatible
multi-injector gas jet delivery system
Abstract
We present the design, construction, and performance of a novel multi-injector gas jet delivery capable
of operating in a magnetic resonance imaging environment. This apparatus is computer controlled and
built with two separate pneumatic circuits enabling gas jet applications at variable sites through four
independently activated injectors. Gas jet delivery is fully controllable in terms of pressure, flow rate,
gas temperature, application time, and duration of interstimulus interval. We characterized these
parameters, considering effects such as pressure drop by flow transport, transient effects, and delays in
activation. The system offers new possibilities for use in various biomedical contexts such as, e.g.,
quantitative sensory testing or dental hypersensitivity assessment.
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We present the design, construction, and performance of a novel multi-injector gas jet delivery
capable of operating in a magnetic resonance imaging environment. This apparatus is computer
controlled and built with two separate pneumatic circuits enabling gas jet applications at variable
sites through four independently activated injectors. Gas jet delivery is fully controllable in terms of
pressure, flow rate, gas temperature, application time, and duration of interstimulus interval. We
characterized these parameters, considering effects such as pressure drop by flow transport, transient
effects, and delays in activation. The system offers new possibilities for use in various biomedical
contexts such as, e.g., quantitative sensory testing or dental hypersensitivity assessment. © 2008
American Institute of Physics. DOI: 10.1063/1.2823329
I. INTRODUCTION
Gas jet systems are widely used in industrial settings.1–3
In biomedical research, gas stimuli have been applied to
eyes, skin, and teeth to investigate physiological and psycho-
physical responses.4–6 Current trends in human sensory
research are geared toward a better understanding of neuro-
biological processes related to “natural” stimuli. These offer
clear advantages over mostly investigational e.g., electrical,
laser tests which are less familiar to humans, making it
problematic to link experimental outcomes to “real life” situ-
ations. Specifically, human responses to quantifiable thermal
and tactile excitations have been shown to be clinically
relevant.7,8 The availability of functional magnetic resonance
imaging fMRI has allowed intense investigation of stimu-
lus related effects on the brain.9–11 However, fMRI studies
rely on stimulus delivery systems that are unaffected by and
do not interact with strong magnetic fields. Currently only
few systems are able to reliably and reproducibly deliver
quantifiable natural stimuli in a MR environment.10,12,13 For
example, systems applied in trigeminal stimulation research
such as olfactometers deliver constant gas flow, however,
their lack of precise stimulus timing makes them unsuitable
for quantitative sensory testing QST.14 In the following
we list two examples where a MRI compatible systems ca-
pable to deliver carefully calibrated somatosensory gas jet
stimuli could be useful and where other existing devices are
unfeasible.
Dental hypersensitity. Painful sensitivity of teeth to air
and cold liquids is a common clinical phenomenon.15 Painful
stimulation occurs peripherally via exposed dentine surfaces;
however, the biological events in the human central nervous
system CNS related to dental pain perceptions are largely
unknown and have only recently become the target of inves-
tigations in human subjects.16
Oral pain in mucositis patients. Cancer ranks as the sec-
ond leading cause of mortality in the United States.17 Treat-
ment for oral cancer involves radiation theraphy and/or che-
motherapy which cause damage to the lining of the oral
cavity mucositis. Pain is one of the consequences experi-
enced by all these patients.18 Currently, there is no device
available that allows QST of the oral cavity with nontissue
contacting technology to investigate the incidence, character-
istics, and temporal aspects of intraoral presentations of hy-
peralgesia decreased pain threshold and allodynia pain
upon stimulation with an otherwise nonpainful stimulus ex-
perienced by men and women following treatment for head
and neck cancer.
Our aim was to design, develop, and test a MRI compat-
ible gas jet delivery system for safe application in biomedical
settings as a reliable source of thermal and tactile sensory
stimuli. The system is designed to provide a broad range of
computer controllable settings for pressure, flow rate, tem-
perature, application time, and duration of interstimulus in-
terval. We set out to develop a system capable of delivering
calibrated gas-jet stimulations that can span relevant ranges
of both somatosensory and olfactory sensations, from per-
ceptual threshold to noxious. The present apparatus is able to
aAuthor to whom correspondence should be addressed. Electronic mail:
kellert@control.ee.ethz.ch.
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deliver gas jet streams through up to four independently ac-
tivated injectors that can be placed at variable positions on a
human subject.
II. DESIGN AND CONSTRUCTION
The device Fig. 1 was designed and built using two
independent pneumatic circuits. Circuit I for delivery of tis-
sue stimulating gas jets and circuit II for controlling the
stimulation timing.
Circuit I delivers gas jets of controlled pressure, flow
rate, and temperature to a maximum of four tissue sites. For
biomedical applications, food grade quality gas from a pres-
surized bottle or pressurized pipeline may be used.
Circuit II pneumatically controls the delivery of the gas
jet stimulus in terms of application time and duration of in-
terstimulus intervals with MR-compatible trigger valves.
Since the gas of this second circuit does not contact target
tissues, any source of nonhazardous gas is suitable.
Both circuits have separate subunits outside the scanner
room and lead to a multi-injector distribution unit close to
the stimulus application sites.
A. Circuit elements outside the scanner room
Circuit I is subdivided into a gas preparation unit outside
the scanner room and a multi-injector distribution unit near
the scanner. The minimum pressure of the feeding gas line
depends on the required pressure output at the target tissue as
well as on the specifications of the first pressure regulator. In
our system, this component Festo MSB4-AGA:C2:J9-WP,
Esslingen, Germany allows an inflow gauge pressure be-
tween 0.8 and 14 bars. It serves to stabilize the pressure dur-
ing operation time and allows modifications determined by
the experimental protocol. An integrated filter keeps the gas
free of particles larger than 5 m and an adsorption dryer
dehumidifies the gas. The gas then enters a stainless steel
reservoir Festo CRVZS-2, Esslingen, Germany in which
the gas temperature is controlled. Temperature control in the
reservoir is achieved by a bespoke surrounding tempering
jacket made of Plexiglas in which a liquid of preset or vari-
able temperature circulates. The optimal volume of the res-
ervoir is hence determined by two opposing requirements,
namely, uniform pressure in the entire gas flow system re-
quiring maximum volume and rapid, homogenous tempera-
ture exchange with the surrounding temperature control
jacket requiring minimum volume. 2 L was considered an
appropriate volume to provide constant gas flow and good
temperature control. The liquid in the tempering jacket is
sourced from an external water-bath and circulates continu-
ously in order to maximize energy interchange and therefore
provide thermal stability to the reservoir gas. The Plexiglas
cylinder was chosen for visualization of the water level and
its volume was minimized 1200 ml in order to diminish
thermal inertia. The lateral sides of the cylinder are sealed by
two aluminum disks which contain the in- and outlet for the
tempered liquid. Temperature of the pressurized air in the
reservoir is directly monitored by means of a thermocouple
K-type, Roth and Co. M500, Switzerland. A small hole was
drilled in one of the reservoir inlet screws in order to position
the sensor tip in the middle of the reservoir volume and the
access hole sealed. At the exit opening of the reservoir, a
computer controlled proportional solenoid valve Festo
MPPES-3-1/8-6-010, Esslingen, Germany; dc 24 V serves
as final precision pressure regulator for the subsequent cir-
cuit section. This valve regulates the gauge pressure between
0 and 5 bars. Next follows an electronic pressure gauge
Festo SDE1-D10-G2-H18-C-P1-M8, Esslingen, Germany
FIG. 1. Schematic sketch of the multi-
injector gas jet delivery system.
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that enables the operator to verify the desired pressure and
that digitally records its values Fig. 2. From this point in
the system, the gas line is thermally insulated with rubber
foam and extends approximately 10 m into the scanner room
to connect with the multi-injector distribution unit.
Circuit II operates the trigger valves housed inside the
multi-injector distribution unit that controls the timing of the
gas jet stimulus Fig. 1. For proper function of the trigger
valves, a gas source supplying a minimum of 6 and a maxi-
mum of 8 bars is required. We use a room air compressor
Toolair C-50/300B, Tool AG, Fällanden, Switzerland to
achieve this specification. Circuit II is split in five compactly
arranged lines and the pressure in each line is controlled by a
solenoid trigger valve Festo MFH-3-1/4, Esslingen, Ger-
many Fig. 2. These valves enable a remote on/off control
of the gas jet trigger valves inside the multi-injector distri-
bution unit and can be activated electronically 24 dc or
manually embedded screw.
B. Circuit elements inside the scanner room
A multi-injector gas distribution unit Fig. 3a was spe-
cifically developed for application in a magnetic resonance
environment. It enables random delivery of gas jets through
four separate injectors and has a fifth exhaust outlet. The
latter allows renewal of gas in the supply line shortly before
opening any injector valves. A total of five valves are there-
fore required, their activations being regulated by the up-
stream positioned solenoid valves outside the scanner room.
To our knowledge there are no commercially available
valves entirely built with MR compatible components. We
therefore assembled five rubber diaphragms Festo EV-12-3,
Esslingen, Germany housed in aluminum die casts to serve
as trigger valves for the gas jet release Fig. 3b within the
multi-injector gas distribution unit. The diaphragms nor-
mally used in clamping tasks are screwed to a base plate in
a 4+1 configuration and operate such that the rubber mem-
branes pop out of their housing when activation pressure is
applied resulting in gas jet “off” and return to the original
position after pressure reduction resulting in gas jet “on”
Fig. 3b. Gas flow regulation is made possible with a
“sandwich” configuration, i.e., on top of the base plate, a
second plate forms the five gas distribution channels, cov-
ered by a top plate Figs. 3a–3d. As depicted in Fig. 3c,
the middle plate has small channels which transport the gas
from the single gas inlet to the corresponding outlets. The
inlet is the center of a squared cross so that the incoming gas
reaches each outlet after equal time. As previously men-
tioned the fifth channel along the midline functions as ex-
haust for purging the system. The holes at the end of each
channel facilitate vertical movement of the valve dia-
phragms, therefore permitting or stopping the gas flow in
each outlet separately. The cover plate closes the construc-
FIG. 2. Color online Photograph of the treating gas
unit of the system.
FIG. 3. Color online Photographs of the multi-injector distribution unit.
a Complete mounted housing; b base plate; c gas distribution plate; c
cover plate. Numbers correspond to 1 gas inlet, 2 gas outlet, 3 exhaust,
4 actuation connection, 5 diaphragm, 6 gas channel, 7 O-ring.
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tion and holds the screws for the inlet, outlet, and exhaust
connectors. All three aluminum plates are assembled by non-
ferromagnetic brass screws. The multi-injector gas distribu-
tion unit is compact, with dimensions of 9.2 cm length
6.6 cm maximum width 2.7 cm height and weighs
360 g. It is light enough for comfortable placement on a
subject’s chest lying supine on the scanner bench.
To each outlet of the distribution unit, we attached
Ø2.6 mm tubes of 25 cm length to offer the system operator
some flexibility in choosing the final gas jet delivery point
not shown in Fig. 3.
The magnetic compatibility was tested by placing the
multi-injector gas distribution unit inside a Philips Gyroscan
scanner 3 T: no image distortion was observed when at-
taching it to a plastic bottle filled with water acting as a
“phantom.”
III. EXPERIMENTAL RESULTS
This apparatus is computer controlled by means of soft-
ware under LABVIEW 7.1. This software offers digital data
recording of experimental parameters and allows the opera-
tor control of line pressures and flow rates, gas temperature
in the reservoir, and valve triggering. Thus, errors arising
from manual operations are minimized, especially when the
injection times are very short.
Using air at room temperature in both pneumatic cir-
cuits, several experiments have been carried out in order to
quantify and characterize device performance. Since the gas
jets are delivered to tissues approximately 10 m away from
the operating room, inertial phenomena such as pressure
losses19,20 due to frictional forces, delays in activation times,
etc. occur, which were determined and characterized for
precise performance.
A. Circuit I characteristics
Our first step was to calibrate the precision pressure
regulator of circuit I, located at the exit of the reservoir Fig.
1. Its pressure output is linearly correlated with the elec-
tronic input, according to
P = 0.587 ± 0.003V , 1
where P is the gauge pressure in bars and V is the control
voltage measured in volts. The maximum input is 10 V, cor-
responding to approximately 6 bars.
Delivery of gas jets of precise reservoir temperatures
requires rapid exhaust of gas in the 10 m transport tubes
while keeping pressure loss small. We tested two small di-
ameter tubes 2.6 and 4.0 mm for connecting the reservoir
with the multi-injector distribution unit. The measurement
results for steady-state absolute pressures at the input and
output of the tube Pin-abs and Pout-abs and flow rates Q are
depicted in Figs. 4 and 5. Figure 4 reveals that independent
of the tube diameter, there is a linear pressure loss, which
increases with longer tubes. Along the tube, the pressure is
markedly more reduced with 2.6 mm diameter tube com-
pared to a tube with 4.0 mm diameter. The relationship for a
10 m tube of 4 mm diameter can be expressed as
Pout-abs = 0.867 ± 0.006Pin-abs, 2
where both absolute pressures are measured in bars.
Comparative measurements between pressure outflow
and flow rates reveal a linear relationship for the 2.6 and
4.0 mm diameter tubes Q units are l/min and P units are
bars Fig. 5,
Q2.6 mm = 44.0 ± 0.7Pout-abs 3
for Ø 2.6 mm tube and
Q4.0 mm = 91.9 ± 0.2Pout-abs 4
for Ø 4.0 mm tube.
Thus, an increase in tube diameter by 50% results in
doubling the flow rate. Based on these results, we decided to
build our device with 4.0 mm diameter tubing to connect the
reservoir with the multi-injector distribution unit.
FIG. 4. Absolute outflow pressure Pout-abs as a function of the absolute
inflow pressure Pin-abs for different lengths of tubes with inner diameters of
2.6 and 4.0 mm, respectively.
FIG. 5. Flow rate Q as a function of the absolute outflow pressure, Pout-abs
for different lengths of tubes with inner diameters of 2.6 and 4.0 mm,
respectively.
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In addition to the approximate 14% reduction of outflow
absolute pressure resulting from friction in the 10 m tubes,
there was an additional reduction of approximately 37% in
pressure when the air passes through the multi-injector dis-
tribution unit. The absolute pressure loss in circuit I therefore
was approximately 50% from reservoir to gas delivery,
Pout-abs = 0.493 ± 0.001Pin-abs, 5
where both absolute pressures are measured in bars. The final
flow rate reduces dramatically when the air passes through
the entire circuit I, now reading
Q = 8.24 ± 0.04Pout-abs. 6
Thus, gas flow at the final delivery point is reduced by 90%
compared with the amount released from the reservoir when
no tubing and distribution are required Fig. 3c. Pressure
drop and flow rate further depend on the number of simulta-
neously activated injectors.
Starting and stopping gas flow cause transient effects.21
The activated precision pressure regulator provided a preset
pressure in the 10 m tube. At the start of the gas flow, right
after the trigger valve was opened the pressure momentarily
decreased and later recovered, with several attenuated oscil-
lations corresponding to elastic and frictional components,
damped by the 10 m tube and multi-injector distribution unit.
Figures 6 and 7 show the dynamic gauge pressures during
gas jet delivery at the input of the 10 m tube with 4 mm
diameter Pin and after the multi-injector distribution unit
Pout.
The inflow pressure Pin and the outflow pressure Pout
have both transients shorter than 0.2 s. In 0.038 s Pout is
regulated from 0 atmospheric pressure up to the corre-
sponding value Fig. 7. Thereafter some transients occur
whose amplitudes are below 0.1 bar. The flow cessation time
is also 0.038 s, indicating that the injection is indeed a
“shooting” event: concise, sharp, and abrupt, without long
tube discharges.
The sequential activation of the injectors is followed by
a reduction in the value of the pneumatic magnitudes. When
measuring indistinctly the outflow pressure Pout in any of
the injectors, this value reduces down to 50%, 30%, and
20% when 2, 3, and 4 injectors are simultaneously open,
respectively.
B. Circuit II characteristics
In stand-by mode, the diaphragms in the multi-injector
distribution unit are under pressure, closing all the outlet
orifices. When an injection event is triggered, the pressure
on the corresponding membrane is released, allowing the gas
to pass for the time set by the operator. For sake of MR
compatibility of the system, the solenoid valves of circuit
II are located in the operating room approximately 10 m dis-
tant from the multi-injector distribution unit. Hence it was
necessary to determine activation delays resulting from in-
herent frictional forces over this distance. In an attempt to
minimize the triggering delays, we checked the performance
of two different configurations valve+inner tube diameter:
i MFH-3-1 /4+Ø5.7 mm tube and ii MFH-3-1 /2
+Ø8.0 mm tube. Both valves belong to the same family and
differ in their dimensions and flow rates: 800 l /min for the
MFH-3-1 /4 and 3700 l /min for the MFH-3-1 /2 Fig. 8.
The delay times for loading 0–6 bars and unloading
6–0 bar circuit II were measured for both valves. For both
configurations the unloading time was shorter than the load-
ing time. When measuring delay times as a function of tube
length, it was observed that both times increased linearly
with the tube length Fig. 9. As previously noticed, the un-
loading time was shorter than the loading time for all tube
lengths. Unexpectedly, the results indicated that the MFH-3-
1 /4 valve with Ø5.7 mm tube was able to activate faster than
the MFH-3-1 /2 with Ø8.0 mm tube, despite its lower flow-
rate capability. This is due to the smaller dimensions of the
internal components of the MFH-3-1 /4 valve, which cause
less mechanical inertias than the MFH-3-1 /2 model. There-
FIG. 6. Time evolution of the inflow gauge pressure Pin at the input of the
10 m tube inner diameter of 4 mm for different static pressures indicated
in the legend.
FIG. 7. Time evolution of the outflow gauge pressure Pout at the output of
25 cm tube inner diameter of 2.6 mm after the multi-injector distribution
unit.
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fore, the combination MFH-3-1 /4+Ø5.7 mm tube was cho-
sen for the triggering actuation. The times corresponding to
L=10 m were tload=0.43 s and tunload=0.26 s.
C. Gas temperature
The temperature of the air inside the reservoir was mea-
sured with a thermocouple. Its output voltage had a linear
relationship with temperature, as
t = − 20.1 ± 0.2 + 10.01 ± 0.04V , 7
where t is the temperature in °C and V is the sensor output
voltage in volts.
The temperature inside the reservoir depends on 1 the
gas temperature entering from the supply source, 2 the
pressure inside the reservoir, and 3 the fluid temperature in
the surrounding tempering jacket. The latter is a function of
the physical characteristics and performance of the water-
bath sourcing unit. When air begins to flow in circuit I, a
change of the reservoir’s temperature steady state occurs.
Some examples, using a Lauda RK20 water bath Lauda,
Germany, are shown in Fig. 10. When operating in the short
time range, it was observed that the change in temperature
was only ±0.9° for the first second. This gas flow duration
may be sufficient for a shooting stimulus. After flow cessa-
tion the reservoir rapidly reached the originally selected
temperature.
IV. CONCLUSIONS
Humans and animals are in constant interaction with
their environment and various external stimuli provoke bio-
logical processes. In order to gain a better understanding of
the underlying mechanisms in stimulus reactions, scientific
research requires instruments that closely mimic natural
stimuli and yet conform to specific restrictions imposed by
experimental protocols. Important insights into brain func-
tions have been gained with the advances in functional mag-
netic resonance imaging. However, progress is hampered by
a dearth of tools able to deliver natural stimuli in a magnetic
imaging environment. Currently existing devices lack the
ability to produce precisely timed quantifiable gas stimuli.
Our gas jet delivery system was therefore designed and built
with the intention to randomly deliver precise thermal/tactile
gas stimuli through independently activated injectors with a
pressure output up to 3.7 bars natural range at one to four
locations maximum 50 cm apart. The system allows prese-
lection of stimulus durations as small as 0.3 s plus the flex-
ibility to vary interstimulus intervals.
The computer controlled operation is user friendly and
minimizes potential experimental errors arising from manual
operation, especially when the injection durations are rather
short. The utilization of long tubes for transporting the gas
and for activating the control valves induces pressure and
flow-rate reductions as well as triggering delay. These have
been determined and can be compensated by the software.
Electronic control of the system also allows the application
of randomized stimulation protocols that can be cross
FIG. 8. Time activation cycles for the valves MFH-3-1/2 and MFH-3-1/4.
FIG. 9. Activation times for the triggering valves as a function of the acti-
vation tube length.
FIG. 10. Time evolution of the reservoir’s internal temperature when deliv-
ering air at gauge inflow pressures Pin indicated in the legend.
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matched by the computer to the fMRI scanner allowing ac-
curate correlation of cortical responses in relation to stimulus
events.
For the purposes of the present paper we used “room air”
to test the device. Nevertheless the physical separation be-
tween the operating and delivering circuits and the robust
design enables the use of any other neutral gas of scientific
or commercial interest. We conceive useful applications in
physiological and biomedical studies requiring accurate
stimuli. Examples are investigations into neurobiological
process related to QST in mucositis or dental hypersensitiv-
ity patients. A MRI compatible system allows an objective
evaluation of CNS activity related to dental stimuli, therefore
overcoming key limitations of current methods which rely on
patients’ subjective reports. Our preliminary results reveal
that mucosal and facial skin perception thresholds in healthy
human subjects for gas jets lie in the range of 8–10 l /min.
Patients experiencing inferior alveolar nerve damage after
mandibular wisdom tooth extraction have substantially
higher thresholds depending on the time of recovery.
For some of the applications, sensory testing using dif-
ferent gas temperatures from stimulus to stimulus might be
required. Therefore, this prototype may be expanded into a
double temperature tank system, which would allow for fast
temperature adjustments. Currently, our investigations head
toward improving temperature control by mixing two gases
of different temperatures and pressures. Concurrently, psy-
chophysical validation of the system is being performed.
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